Introduction
Thee lectrocaloric effect (ECE) describes at emperature or entropy change of am aterial undera pplication of an external electric field. While the ECE has long been viewed as a rather small effect withoutm uch technological relevance, the field of electrocaloric (EC) materials has recently seen at remendous increasei nr esearch activity,f ollowing the demonstrationo fa"giant" EC response in Pb(Zr,Ti)O 3 thin films in 2006 . [1] The( indirectly) obtaineda diabatic temperature changeofDT % 12 Ki nthat work has opened up the possibility to use the ECE for future applicationsi nr efrigeration and other solid state cooling devices. [2, 3] Much work has been done since then,f ocusing on fundamental aspects,m aterials optimization, andp ossible device concepts (see,f or example, Ref. [4] [5] [6] [7] [8] [9] [10] for recent reviews).
In the normal case (conventional or positive ECE), the applied field orders the electric dipoles in ad ielectric material and thus lowers its entropy or, under adiabatic conditions, increases its temperature.H owever, under certain conditions also an inverse (or negative) ECE can occur, where the isothermal entropyc hange, DS,i sp ositive and the adiabatic temperature change, DT,i sn egative under an increasing electric field.
Examples where such an inverse EC response has been observed experimentally include antiferroelectric (AFE) materials [11] [12] [13] and ferroelectric (FE) materials exhibiting transitions between different FE phases corresponding to different polarization directions. [14, 15] Furthermore,a ni nverse caloric response has been suggested to occurf or certain polar defect configurations in FE materials. [16] However, in all theses cases,t he inverse effect is restricted to specific temperature and field regions.
Theo ccurrence of the inverse (or negative) electrocaloric effect, where the isothermal application of an electric field leads to an increasei ne ntropy and the removal of the field decreases the entropy of the system under consideration, is discussed and analyzed. Inverse electrocaloric effects have been reported to occuri ns everalc ases,f or example,a tt ransitions between ferroelectricp hases with different polarization directions,i nm aterials with certain polar defectc onfigurations,a nd in antiferroelectrics.T his counterintuitive relationship between entropy and applied field is intriguing and thus of general scientific interest. Thec ombined application of normal and inverse effects has also been suggested as a means to achieve larger temperature differences between hot and cold reservoirs in future coolingd evices.Agood general understandinga nd the possibility to engineer inverse caloric effects in terms of temperature spans,required fields,and operatingtemperatures are thus of fundamental as well as technological importance.H ere,t he known cases of inverse electrocaloric effects are reviewed, their physical origins are discussed,a nd the different cases are compared to identify commona spects as well as potential differences.I nall cases the inverse electrocaloric effect is related to the presence of competingp haseso rs tates that are close in energya nd can easily be transformed with the applied field.
At first glance, an increase of entropy in ad ipolar system under application of an external field seems rather counter intuitive.H owever, it has been reported that, if the external field is applied along ad irection that is either non-collinear [17] [18] [19] [20] [21] [22] or antiparallel [18, [23] [24] [25] [26] [27] [28] [29] to the directiono ft he spontaneous electric polarizationi naFE, the applied fieldc an create disorder in the alignmento ft he electricd ipoles and thus lead to an inverse ECE. Similarly,a ne lectric field favors the FE phase with homogeneous polarization and can eventually reduce the orderingi nA FE phases resulting in an inverse EC response. [30] Several suggestions have been made to utilize ac ombination of the conventional and inverse ECE to achieve al arger overall temperaturec hange( DT) and thus enableo ptimized EC coolingc ycles. [17, [23] [24] [25] [26] [27] [28] [29] On the other hand, an unintentional combination of inverse and conventional effects can also reduce the overall EC response of as ystem, for example,i np olycrystals or in inhomogeneous materials.I ti s, therefore,v ery important to have ag ood understanding of the specific parameter ranges giving rise to large inverse EC responses,t hat is,f actorss uch as doping level, strain,t emperature,m agnitude,a nd direction of the electric field, as well as process conditions,t oa void an unintentional compensation between normal and inverse effects and obtaint he maximally possible response for future cooling applications.F urthermore,a sr ecently discussed by Birks et al., [31] an apparent inverse ECE can sometimesb ea na rtifact of the measurement and data analysis methods.I ti st hus importantt oa void such pitfalls in oder to obtain reliable informationa boutt he specific conditions for which ac ertain material exhibits ac onventionalo ra ni nverse EC response.
Thep urposeo ft his article is to review different previous reports on the inverse ECE and to identifyt he common features and potential differencest oc onsolidate these findings into ac omprehensive picture.W eh ope that this will enable more targeted future studies and optimization of the EC responsewith regards to potential applications.
Thea rticle is organized as follows.I nS ection 2, we summarize the main thermodynamic aspects and introduce the basic equations relevantf or the discussion in the subsequent sections. In Section 3, we review the variouss ystems for which the inverse effect has been observed in detail, and we discussp ossible mechanisms responsible for this effect. We distinguish between ferroelectrics,w here the field is reversed or non-collinear to the polarizationd irection;a cceptordoped ferroelectrics,w here defect dipoles affect the ECE; and antiferroelectrics.I nS ection 4, we discuss some more general aspects of the inverse EC response such as advantages,p ossible disadvantages,a nd potential pitfalls associated with the artificial prediction of inverse responsef rom socalled indirect measurements.F urthermore,w ec ompare the inverse ECEw ith the closely related inverse magnetocaloric and elastocaloric effects.F inally,asummarya nd an outlook are given in Section 5.
Thermodynamics
Thef ree energy density (F(T,E)), of ad ielectric material can be written in terms of temperature (T)a nd electric field (E). Here, F(T,E)c an refer both to the Helmholtz free energy density (F = UÀTSÀE·P), with the specific internal energy (U), specific entropy (S), and electric polarization (P)a sw ella st ot he Gibbs free energy density (F = UÀTSÀE·PÀtr(s T ·h), with stress s and strain h)d ependingo nt he mechanical boundaryc onditions. [32, 33] Note that polarization ande lectric field are vectors,a nd stress and strain are tensorso fr ank two.F urthermore,i nt he following we will refer to the specific entropy, that is,t he entropy per unit volume,simplya s"entropy". . She is currently working as aM arie Skłodowska-Curie (COFUND) post-doctoral fellow at ICMAB-CSIC, Barcelona with Prof. M. Stengel. Her research interests include application of density functional theory to study the structural properties of metallic surface alloys and ferroelectric materials as well as molecular dynamics simulations to study the finite temperature properties of ferroelectrics. Entropy ande lectric polarization are then defineda s S(T,E) = À@F/@T and P(T,E) = À@F/@E,r espectively, and a general entropy changeisg iven by Equation (1):
Thus,u nder isothermal variationo ft he electric field (dT = 0) one obtains:
It can easily be seen from Equations (5) and (6) that for increasing field, that is,p ositive dE,t he conventional ECE is related to an egative slope of P(T): for decreasing polarization with increasing temperature ((@P/@T) E < 0), while ap ositive slope of P(T)w ould correspond to an inverse ECE. On the other hand, as usually P and @P/@T have opposites igns, an inverse ECE is also possible if P and E are antiparallel, for example,f or ar eversedf ield in ap oled ferroelectric (such that (@P/@T) E and dE have the same sign).
Sometimes it is instructive to separate the total entropy changei nto ap art related to the dipolar degrees of freedom that give rise to the ferroelectric polarization (DS dip )a nd the remaining vibrational degrees of freedom (DS latt ). [9, 30] Under adiabatic (and reversible) conditions,t he change in entropy of the dipolar system (caused by application or removal of an externalf ield) is then redistributed to the remaining degrees of freedom [Eqs. (7)- (9)]:
%ÀC latt lnðT end =T init Þð 9Þ
Here, C latt is the specific heat capacity related to the nondipolar degrees of freedom,w hich, by its definition, is only weakly temperature and field dependent in the range of interest. Thus,ad ecrease of the dipolar entropy (DS dip < 0) corresponds to T end > T init ,t hat is,h eatingo ft he system, whereas an increase in dipolare ntropy (DS dip > 0) results in cooling (T end < T init ), consistent with Equations (5) and (6) .
Fora ni ntuitive interpretation of the ECE in as implef erroelectric (or paraelectric) phase under ac ollinear field, one can also use Landau theory and expand the (dipolar) free energyd ensity with respect to P: [9, 28, 30] 
where a 0 and b are material-dependent parameters,a nd T C is the Curie temperature.T he field-induced change of the dipolar entropy is then given by:
that is,t he change in the dipolar entropy is essentially determined by the change in the absolutev alue of P. Note,t hat Equation(10) does not apply to more complex cases such as transitions between FE phasesw ith different polarizationd irections.
As discussed in more detail in Section 3, the largestE CE is typically observed at ferroelectric phase transitions,w hich are often of first order where P(T)e xhibits an abrupt jump and @P/@T is thus ill defined.N evertheless,o ne can generalize Equation (5) for such cases by splitting the polarization into ap art that varies smoothly with T and E (P (T,E)) and a discontinuous jump (DP(E t (T))), which occurs at the temperature-dependent transition field E t (T)o r, equivalently, at the field-dependent transition temperature T t (E): [20, 34, 35] Energy Technol. Here, V(TÀT t (E)) represents the Heaviside step function, which is 0f or TÀT t (E) < 0a nd 1f or TÀT t (E) > 0. Assuming that E t (T)( or T t (E), respectively) is uniquely defined in the considered temperature and field range,o ne can substitute Equation (12) into Equation (5), thereby taking the derivative with respectt oT,a nd one can show that the total entropy changei sg iven as the sum of two contributions as follows:
where DS is obtained from the continuous part P (T,E)v ia Equation (5) and DS LH is the contributions temming from the discontinuous jump DP at the first order phase transition. DS LH is related to thel atent heat of the first order phase transition which is given by the followingC lausius-Clapeyron equation:
It should be noted that within the coexistence range of a first order phase transition the state of the system (and thus the measured ECE) is not fully determined by the values of E and T but dependso nt he history of the sample,t hat is,o n the preceding heat and field treatment. Thus,aw ell-defined initial state is crucialf or obtaining meaningfulE Ce ntropy and temperature changes.F urthermore,i nsuchc ases,t he EC response can be irreversible if the system (or parts of it) is trapped inside the coexistence range,s ee Section 3.1.2. The same is true within the FE phase where the system can exhibit af ield hysteresis (see,e .g.,F igure 1).
Below the FE T c ,t hat is,f or T < T C ,t he poled material has ar emnant polarization, see Figure 1 . Increasing an external field that is either non-collinear or antiparallelt ot he polarization may induce switching of the polarizationd irection if j E end j exceeds the coercive field E c of the ferroelectric hysteresis.U nder adiabatic conditions,t here is no heat exchange and the work loss (per unit volume), W loss ,c auses an additional contribution to the entropy change:
where T init is the initial temperature and W loss is defined as the difference (per unit volume) of total work W total done on the total polarization change and the reversible work W r done on the reversible polarization change. W total and W r are indicated by the gray and green areas in Figure 1 , respectively.A ccordingt ot he experimental observations by Bolten et al., [36] the reversible polarizationc hangec an be approximated by as traight line crossing the centero ft he hysteresis with the same slope as P(E)a tt he saturation polarization point as indicated by the black straight line in Figure 1 . The changeo fe ntropy transferredt ot he vibrational degrees of freedom is thus expressed as follows:
Under reversible adiabatic modifications of the external field, W loss = 0, and one regains Equation (7) . Commonly, W loss > 0f or field application and W loss < 0f or field removal, resultingi na ni ncreasea nd ad ecrease of the lattice entropy, that is,h eatinga nd coolingo ft he material, respectively. Therefore,l osses may considerably reduce the overall temperaturec hange in case of the inverse ECE. Furthermore, the losses may differ for field application and removal, possibly resulting in at emperature drift and ar eduction of the overall cooling capacity.
Equations (5) and (6) are often used for indirect determination of DS and DT,w hich can then be obtained from standard polarization measurements without the need for any additional equipment. Furthermore, no knowledge on the time evolutiono ft he system is required, which is advantageous for some phenomenological models or Monte Carlo simulations. [17] Thea pplicability of the indirect approachh as been discussed severalt imes,s ee,f or example,R efs. [8, 17, 31, 37] . Its validity relies on the Maxwell relation[ Eq. (3)],w hich implies that the free energy is aw ell-defined, continuous, and continuously differentiable function of T and E,t hat is, thermal equilibrium,a nd reversibility.F ormally,t he Maxwell relationa pplies to homogeneous systems.H owever, it has been shown that averaging over, for example,aceramic sample yields as ufficiently well-defined thermodynamic system, and the indirect methodi st ypically also successfully applied to ceramicsa nd polycrystallinef ilms.O nt he other hand, for cases such as the ones discussed above,where adifferents ample history can strongly affect the measured ECE, the application of the indirect approachc an lead to particu- 
Different Examples of Inverse EC Response
An electrocaloric response can in principle be observedi n any dielectric material where an applied electric field induces an electric polarization. Thelargest conventional ECE is usually observed in ferroelectric and antiferroelectric materials, at temperatures slightly above the transition temperature between the FE (or AFE) and the paraelectric (PE) phase,t hat is,s lightly above T C . [7, 38] Aroundt hese transitions the electric polarization typically varies strongly with temperature and field. Thus,l arge valuesf or j @P/@T j E can be obtained. In the case of af irst order transition the polarization even exhibits ad iscontinuous jump and the latent heat of the transition can induce ag iant DT/E.
In the PE phase,t he polarization induced by the electric field is usuallyp arallel to the applied field and decreases with temperature,t hat is,( @P/@T) E < 0. As shown in Figure 2 , the system becomes more ordered when applying an electric field (DS dip < 0) that leads to ac onventionalE CE. Thus,i n the PE phase no inverse effect is expected without competing internal bias fields. [20, 22] 3.1. Role of the relative direction between field and polarization Inversec aloric effects have been reportedt oo ccur within a FE phase for certain cases where the field is applied antiparallel to the spontaneous polarization P s , [18, [23] [24] [25] [26] [27] [28] or where the field is non-collinear to P s ,i np articular close to transitions between two FE phasesw ith different polarization directions. [14, 15, [17] [18] [19] [20] [21] [22] 39] However, non-collinear or antiparallelf ields are not sufficient criteria for the occurrence of an inverse EC response.I nt he following we discuss under which circumstancesa ni nverse ECEi se xpected, elucidate the underlying physical mechanisms, and discuss possible ways to optimize the overall DT.
Inverse ECE throughf ield reversal
Within the FE phase,a nd after initial poling, aF Em aterial generally exhibits af inite remanent polarization. Reversal of the polarizationdirectionisthen subject to afinite hysteresis, see Figure 3a .A st he width of the hysteresis increases with decreasing T,b oth the upper and the lower brancho ft he field hysteresis are states that are accessible over al arge field range at low T. It should be noted that many experimentali nvestigationsu sing the indirect approach focus on the right part of the upper branch of the field hysteresis,t hat is,w here P is parallel to E and E > 0( see Section 4.1) neglecting the possible inverse ECE discussed in the following.
Once the system is poled by applying as trong field in the positive direction, ramping the field back down to zero reduces the polarization and the system cools down (conventionalE CE). However, the polarization can be reduced further if the field direction is reversed and the field is applied antiparallelt ot he remanent polarization.W ith increasing strengtho ft he reversed field, the polarizationi sr educed until P end = 0a tt he left coercive field E left c .Af urther increase of the negative field then results in an increase of the induced negative polarization. As predicted based on the simple Landaum odel of Equation (10) , [30] the change of the dipolar entropy is related to
init ,s ee Equation (11), and is negative if j P end j > j P init j and positive if j P end j < j P init j .T he latter is the case if the reversed field strength is increased from zero up to j E end j < j E left c j .T hus,t he entropyi s increased for increasing (negative) field strength, that is,a ni nverse ECE is obtained, which under adiabatic conditions will result in further cooling of the system.T his prediction is also in agreement with Equation (4), as the increasing reversedf ield (negative dE!) in combination with the negative (@P/@T) E (for P > 0) results in negative dT,t hat is,c ooling. Once the polarization switchest ot he negative direction, that is,f or j E end j > j E left c j , the sign of (@P/@T) E switchesa nd an ormal (positive) dT is obtained.
These [27] Similarly, Basso et al. [26] demonstrated that the EC cooling of aF E polymerc an be enhanced if an egative electric field is applied to an initially positively poled sample.E xperimental and theoretical studies of adiabatic loadingc ycles in Pb(Zr,Ti)O 3 also showedt he occurrence of an inverse ECE under reversed electric field and indicated that ar eversed electric field should also increaset he overall cooling effect. [23] [24] [25] However, in contrast to the discussion so far, the maximali nverse EC response has not been observed,i ft he negative field is ramped exactlyt ot he coercive field but for slightlys maller j E end j ,s ee Figure 3b .I na ddition, strong heating of the sampleh as been found for larger negative fields.
Thef ield-induced entropy andt emperature changes in the ferroelectric phase areacombinationo ft he induced change of the dipolar entropy and the work loss of the P-E loops. [28] If the reversed field induces ar eduction of P without inducing actual switching, work losses are small and the inverse ECE due to the dipolar entropy changeb ecomes appreciable.B eyond the shoulder of the hysteresis,t hat is,l eft of the brown stars in Figure 3 , the irreversible losses exceed the increase of S dip and the sampleh eats up.M eanwhile,w ec ould also reproduce these trends using lattice-basedM onte Carlo simulations [27] and ab initio-based molecular dynamics simulations for BaTiO 3 . [29] In summary, an electric field antiparallelt ot he remanent polarization can induce an inverse ECE in the poled ferroelectric phase.W en ote that this applies for positivep oling (upper branch of the field hysteresis)w ith an egative field and for negative poling (lower branch of the field hysteresis) with positive applied field. Thel argest responsei so btained if the field drives the system to the shoulder of the field hysteresis withoutf erroelectric switching. Ramping the field from positive to small negative fields can thusb eu tilized to enhance the overall cooling. However, as lightly too large reversed field results in large heating of the sample due to the irreversible heat losses.A si llustrated in Figure 3b ,o ne may already fully compensate the inverse cooling effect if one misses the optimal reversed field by only 0.025 kV mm À1 .
Inverse ECE around FE-FE transitions
As noted previously,t he largestE Ct emperature changes are usually observed close to FE-PE transitions.I na ddition, many FE materials such as,B aTiO 3 ,( Ba,Sr)TiO 3 ,o r Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT), exhibit multiple FE phasesc orrespondingt od ifferentp olarization directions and thus also undergo one or more first-order FE-FE phase transitions. Because the reorientation of the polarization direction at these transitions also resultsi napronounced temperature dependence of the variousc omponents of P,as trong ECE can also be expected in the vicinity of these transitions.
There have been many studies reporting an inverse ECE at FE-FE transitions, [14, 15, 17, [19] [20] [21] [22] 39] whichw er eview in this section. Because the direction of spontaneous polarizationd iffers between two FE phases,t he direction of the applied field relative to both polarization directions becomes important and ap ronounced anisotropy of the EC response can be expected.
One of the first studies that reportsadirectlymeasured inverse effect was presented by Peräntie etal. [14] Thea uthors observed an inverse ECE in PMN-PTatafirst-order FE-FE phase transition from ar hombohedral (or field-induced monoclinic M B )p hase to an orthorhombic phase for af ield applied along the [011] direction. Thei nverse ECE was explainedb yt he latent heat associatedw ith the field-induced phase transition. In contrast, ac onventional ECE was observeda th igher temperatures,w here the orthorhombic phase is reached through another FE-FE transition starting from at etragonal (or field-induced monoclinic M C )p hase. Another study by Le Goupile tal., [15] also on PMN-PT but with the field applied along the [001] direction, reported an inverse effect obtained by both direct and indirect measurements. Here,t he inverse effect waso bserved near the rhombohedral to tetragonal transition. Both studies thus indicate that the relative direction of applied field and the polarization directions within the two FE phasesa re very important.
Several theoretical studies also reporta ni nverse EC response. [17, [19] [20] [21] [22] First-principles-based simulations for (Ba,Sr)TiO 3 [17] predicted an inverse effect at the FE-FE transition between the orthorhombic and tetragonal phases.I n this study,t he non-collinearity between the applied field and the polarizationw as proposed as the origin for the inverse effect. When the applied field is not along the directiono f the spontaneous polarization in the FE phase,the application of the field can result in disordering of the electric dipoles away from the directiono ft he spontaneous polarization, which increases the dipolar entropy or, equivalently,r educes thermal entropy under adiabatic conditions.H owever, within this picture,i tr emainsu nclearw hether the applied field needs to be non-collinear to P s in the low-or high-temperature FE phase (or both of them).
Ad etailed theoretical study of the direction dependence of the ECE in BaTiO 3 and its relation with the inverse effect was also reported by Marathe et al. [20] using first-principlebased simulations. An inverse response has been found at the FE-FE transition between the orthorhombic and tetrago-nal phases for af ield along [001],w hereas the conventional ECE occurred for af ield along [011] and [ 111] .T he correspondingr esults are reproduced in Figure 4 . These theoretical predictions have also been qualitatively confirmed by direct EC temperature measurements for BaTiO 3 single crystals,s ee Figure 5 . [20] Furthermore,a tt he FE-FE transition between the rhombohedral and orthorhombic phases,t he EC response is inverse for applied fields along [001] and [011] but conventional if the field is along [111] . [20] Note that in all these cases the field is non-collinear to at least one of the FE phases.T he field is even non-collinear to the polarization direction of both phasesf or the orthorhombic-tetragonal transition and af ield along [111] or the rhombohedral-orthorhombict ransition and the field along [001], resultingi nt he conventional and inverse response,r espectively.
Thei nverse EC response was explained by the entropy changer elated to the latent heat of the first order FE-FE phase transition. [20] According to the Clausius-Clapeyron equation[ Eq. (14)],t he sign of DS LH is determined by the sign of the polarization jump DP across the transition. For example,i nt he temperature region where the inverse effect occurs for fields along [001],w hich is markedb yd ashedv ertical lines in Figure 4 , the system undergoes at ransition from the tetragonal phase (stabilized by the applied field) to the orthorhombic phase under field removal. Thep olarization changea tt he orthorhombic to tetragonal phase transition is illustrated in Figure 4b .T he polarization component projected along [001] jumps to al arger value (positive DP)w hen the system transforms from the orthorhombic to the tetragonal phase,f or example,f or increasing T. Thus,for the reverse transition occurring under field removal, the polarization jump along the field direction is negative,l eading to an egative DS LH according to Equation (14) . This means that the removal of the field in this temperature regiond ecreases the entropy,t hat is,i tc auses an inverse ECE. Note that Equation (14) resultsf rom the generalization of Equation (5) for discontinuous P(T), and therefore the positive jump of DP along [001] observed at the orthorhombic to tetragonal transition (for increasing T)i nF igure 4i se ssentially analogous to apositive (@P/@T) E along [001].
Thei nverse ECE at af irst-order FE-FE transition occurs exactly in those cases for which the electric field stabilizes the "higher entropy"p hase that occurs at the high temperature side of the corresponding transition within the E-T phase diagram. [20] In such cases the applied field reduces the transition temperature for the corresponding transition and DS LH is positive when entering the field-stabilized "higher temperature" or "higher entropy" phase (under field application), and negative for thereversed transition(under field removal).T his is also consistent with the experimental observationsf or PMN-PT reported in Ref. [14] ,w here an inverse effect is observed when the field-inducedo rthorhombic phase is enteredf rom the lower temperature rhombohedral (or monoclinic M B )p hase but not from the higher temperature tetragonal (or monoclinic M C )p hase.
Thediscussion above shows that, while non-collinearity between the field and the spontaneous polarization in the (initial) FE phase is of course necessary to drive the system through at ransition, it is not as ufficientc onditionf or an inverse EC response.R ather, the sign of the latent heat contributiont ot he entropy change,w hich dependso nt he correspondingj ump of polarization along the field direction, is crucial. À1 applied along differentc rystallographic directions. b) Polarization, projected along the direction of the applied field,b oth before and after the field-removal, forthe various cases. The temperature in both (a) and (b) refers to the initial temperature, that is, the system temperature before the field-removal. The dashed vertical lines mark the regionw ith inverseresponse when the applied field is along [ 001] .T he data have been obtainedu sing ab initio-based moleculard ynamics simulations, see Ref. [20] for further details. Figurea daptedw ith permissionf rom Ref. [20] .C opyright 2017,American Physical Society. Figure 5 . Adiabatic EC temperature change corresponding to field-application measuredina[001]-oriented BaTiO 3 single crystal using acustom-madeadiabatic calorimeter. [20] The datar epresent an average over several on-off field cycles with differentm aximal field strengths (black:5kVcm À1 ,r ed: 7.5 kVcm À1 ,blue:1 0kVcm À1 ). One can see that aroundt he orthorhombictetragonal transition temperature at % 286 K, the ECEc hanges sign. Note that the simulation method usedt oo btain Figures 4a nd 6u nderestimates the experimental transitiont emperatures. DT hasbeen simulated for field removal, whereas the sign forfield applicationi susedi nt he experiment,t hat is, negative DT corresponds to the inverse effect.
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As mall inverse ECEc an also be obtained without crossing the actual transition if the polarization along the field direction exhibits apositive(@P/@T) E in the vicinityofthe transition. In particular, this effect has been observed within a certain temperature range on the low temperature side of the orthorhombic-tetragonal transition in BaTiO 3 for af ield along [001] . [19] This example is also depicted in Figure 6 , which shows the adiabatic temperature changeand the correspondingp olarization components of BaTiO 3 for removal of af ield of 100 kV cm À1 applied along [001] in the vicinityo f the orthorhombic to tetragonal transition. These results have been obtained from first-principles-based molecular dynamics simulations similar to the ones presentedi nR ef. [20] and [37] using "field-heated" initial states, [19] that is,t he molecular dynamics simulations are successively initialized from configurations thermalized at slightly lower temperatures with the applied field. This way,t he orthorhombic phase is stabilized as the initial state throughout the whole (field-dependent) coexistence region. One observesasmall inverse ECE within the coexistence region between the orthorhombic and tetragonal phases, which is indicated by vertical green lines in Figure6.T here the sign of (@P [001] /@T) E is positive.T he effect becomes larger, the closer the system gets to the transition, but no first-order phase transition occurs under field removal within the coexistence region. Instead, the system undergoes ac ontinuous rotation of the polarization direction from af ield-induced monoclinic state (with P [001] > P [010] ¼ 6 0, P [100] = 0) to the zero-field orthorhombic phase (P [001] 
Generally,c lose to aF E-FE transition between two different polarization directions,t he system is highly polarizable by af ield that is non-collinear to the initial polarization direction and tends to rotate the polarization into the polarization direction of ac ompetingF Ep hase. [21, 22] If this competing phase correspondst oa"higher temperature" phase in the E-T phase diagram, ap ositive (@P/@T) E is likely to occur, creating an inverse ECE. Because no first-order phase transition occurs in this case,t he correspondingi nverse ECE can in principle be fully reversible.H owever, the resulting temperature change in BaTiO 3 is relatively small( DT % 0.2 K for af ield of 100 kV cm À1 in Figure 6 ) comparedt ot he giant EC response of DT % 1K related to DS LH for the transition between orthorhombic and tetragonal phases.
In addition, in Ref. [20] it has been pointed out that the size of DS LH only depends on where in the E-T phase diagram the FE-FE transition is crossed but otherwisei sn ot directly related to the magnitude of the applied field. As long as the field is sufficient to drive the system throught he transition,a"giant" EC response can be obtained for fields as small as 20 kV cm À1 (see Ref. [19] and [20] ). Whether or not ag iven field is strong enough to drive the transition strongly dependso nh ow close the system is to the transition initially. To reversibly cycle the system, the applied field needs to overcomet he thermal hysteresis related to the first order phase transition, [19] which is difficult to achieve and which may result in the system gettings tuck in one of the FE phases. Furthermore,c omplex domain patternsm ay form at the phase boundaryw ith possible impact on the material properties duringf ield cycling. [41] In both cases,t he caloric responsei sn ot fully reversible in ac yclic electric field, which may be detrimental to cooling applications.
In ar eal material, the first-order transition usuallyb roadens due to samplei nhomogeneities,a nd ac lear distinction between the two cases (inverseECE with or withoutcrossing the transition) might not alwaysb ep ossible.S imilarly,a ratherb road transition is observed in the molecular dynamics simulations for PMN-PTi nR ef. [22] .H owever, because Equation (14) essentially represents the generalization of Equation (2) for the case of ad iscontinuous P(T)a nd both cases are related to an increase of P with temperature under constant electric field, this distinction might mostlyb ei mportant for conceptual purposes.N evertheless,i ft he ECEo n the high temperature side of the FE-FE transition is conventional (e.g.,o nt he high temperature side of the orthorhombic-tetragonal transition in BaTiO 3 for af ield along [001]), then ab roadening of the transition due to sample inhomogeneities will also lead to ap artial compensation between normal and inverse response and therefore reduce the overall cooling of the sample.P artialc ompensationb etween the inverse response when crossingt he FE-FE transition and normal response within one or both of the adjacentF E phasesc an also lead to non-monotonous behavior of DT with the applied field strength. This has been demonstrated both in simulations [20] and in experiments. [15] Thus,t he strengtho f the applied field needs to be optimized to obtain the largest adiabatic temperature change.
Finally,s ince the sign of the EC response close to at ransition generally depends on the directiono ft he applied field, the ECE in ceramic samples can be significantlyr educed due to the random alignment of individual grains with respect to the applied field. This could lead to some grainse xhibiting a conventional EC response while other grainsshow an inverse response leading to large temperature gradients across the grain boundaries and as trongly reduced total temperature changeo ft he whole sample.Apossible solution for this could be the use of textured samples with ap referential grain orientation.
Inverse ECE related to defect induced internal offsets
In acceptor-dopedp erovskites (ABO 3 ), some Ao rBsite ions can be substitutedb yi ons with al ower valence,f or example,T i 4 + ions in BaTiO 3 can be substituted by Mn 2 + . Charge neutralityi sa chieved through oxygenv acancies.T he acceptor ions and the oxygen vacanciesf orm defectd ipoles that align with the overall polarization directiono ver time. This so-calleda ging is commonly observed in experiments. [42] [43] [44] [45] [46] [47] Related to diffusion, the switching or reorientation of these defectd ipoles is orders of magnitude slower than the displacive reorientation of the lattice dipoles of the host material at low and ambient temperatures.A sr eviewed and discussed in Ref. [48] [49] [50] [51] [52] ,s uch "frozen-in" defect dipoles act as an internal electrical field (E d )w ith significanti nfluence on the dielectric hysteresis. Therefore,as trong impact on the ECE in the FE phase has to be expected, see Section 3.1.1.
Thep ossibility to enhance and control the ECE in dielectric materials by the presenceo fi nternal dipolesw as formulated in aU Sp atent by van Vechten in 1979.
[53] However, we are not aware of systematic studies on the impacto facceptor dopinga nd aging on the EC response by other groups.R ecently,G r ünebohm and Nishimatsu predicted the possible appearance of the inverse ECE if defectd ipoles have been equilibrated antiparallelt ot he external field applied in the ECE cycle (antiparallel defects), using both the directa nd indirect approacha nd the ab initio based effective Hamiltonian. [16] This approachw as combined with lattice-based MonteC arlo simulationsb yM ae tal. to study the transition between conventional and inverse ECE depending on the field strength;f inally,aLandau model was used for further interpretation of the impact of the field hysteresis on the inverse ECE. [29] Fort his,t he electrostatic coupling between the defect-induced field E d and the polarization À(
First, we discuss the EC response within the paraelectric phase (T > T C ). Foraf ixed strengtho ft he applied field, addinga ntiparallel defect dipoles with increasing strength or density,t he conventional ECE transformst ot he inverse one, see Figure 7aand b. Increasing the external field strength results in at ransition from inverse to conventional EC response ( Figure 7c ). Thee xplicit field dependence of the response for one defect configuration is illustrated in Figure 8 .
These trends can be understood by the opposinge ffect of E d and E on the polarization. Fort he defect-free material, increasing the magnitude of E always results in an increase of the polarization (j P init j < j P end j)a nd the conventional ECE (Figures 8a nd 10 a) . However, antiparalleld efects induceafinite negative polarization ÀP d for E init = 0 ( Figure 10 b-d) . For E end j E d j /2, the external field steadily reduces the polarization (j P init j > j P end j)a nd the system becomesm ore disordered after applying the electric field antiparallel to the defect dipoles as shown in Figure 9 . Forl arger E end ,t he polarization directions witches and P end increases with increasing j E end j .T hus,t he relative strengtho fb oth fields determines the sign and magnitude of DT. It should be noted that E d , P d ,a nd thus the maximal inverse DT increase with the strength and density of the defect dipoles.H ence, for sufficiently strong or dense defect dipoles bothc onventional and inverse ECE are of the same order of magnitude, see Figure 7 . In ab initio-based simulations,w ef ound an inverse ECE of more than 4K.I na ddition, the temperature range with induced P above T C increases with the defect dipolec oncentration and their strength. Within the FE phase,t he ECEi nt he presence of defects showsacomplex dependence on T and on the sample history (previousp oling conditions,f ield-cooling, field-heating, zerofield cooling, zero-field heating, etc.). Fore xample,a si llustrated by blue lines in Figure 7a, 
These complex trends are related to the field hysteresis and its temperature dependency. As discussed for the defectfree case in Section3.1.1, both conventional and inverse ECE can be found for T < T C ,d epending on the previous polingd irectiona nd the additional contribution of work losses,ifthe field drives the system across the left or right coercive field. Thes ituationi se ven more complex in the presence of antiparallel defects, as the center of the hysteresis is shiftedt owards positivev alues of E. Fore ach E d ,t hat is, strengtha nd density of the defectd ipoles,o ne can define a characteristic temperature T ' for which the left coercive field is zero.F or T < T ',t he broad thermal hysteresis resultsi na negative left coercive field, see Figure 11 a. With increasing T,t he thermal hysteresis is reduced and for T > T ' the left coercive field is positive (Figure 11 band c) .
It depends on temperature and external field strength, which of the following scenarios applies for each defect configuration, cf.F igure 11:c ase 1) E left c < 0a nd E < E right c ; Figure 9 . Illustration of the dipolar ordering at T 0 T C .The blackd ots with white arrowsr epresent the defectdipoles. Colors encode the directiono f local dipoles(red:parallel to the defects;b lue:parallel to the external field; yellow and green:p erpendicular to both fields). a) Zero field:h igh order induced by the defect dipoles. b) an appliedfield antiparallel to the defect dipoles results in disordering (DS dip > 0), which responds to the inverse ECE. Adapted withpermission from Ref. [40] .C opyright 2016,A merican Physical Society. Figure 10 . T > T C :S chematic illustration of field induced polarization changes if the external field is ramped on from 0t oE end in the presence of defectdipoles, based on the analytic model of Ref. [29] .a)Nod efects:
by the switchingofthe direction (inverseE CE);a nd d) j E d j < E: D j P(E) j > 0r educedb yt he switching of the direction (conventional ECE). The lime and black dots represent the initial and final states,respectively. Figure 8 . T > T C :S chematicsketch of the field dependency of the ECE without (blue squares) and with (black dots) antiparallel defects, basedo nt he analytic model of Ref. [29] .I nthe presence of defects an inverseECE is found for j E d j < E,w hich is maximal for E = j E d /2 j and P end = 0. Forlarger fields, the conventionalE CE is obtained, which increases with E,however the conventionalE CE is reduced by the defect dipoles.Labels (b-d)c orrespond to Figure 10 .H ere, E corresponds to E init for field-application and E end for field-removal.
At low temperatures for case 1, that is,b etween lime and black dots in Figure 11 a, either reversible conventional or inverse ECE are found, depending on the previous poling direction with respectt ot he applied field direction as discussed above.I nt hese cases,t he defect-induced shift of the hysteresis may enhance the response for au nipolar positive field comparedt ot he defect free material as the slope of P(E)i sl arger close to the coercive field. [29] Forcase 2, that is, between limed ot and black square in Figure 11 aa nd negative poling, the polarizations witches to the upper branch of the field hysteresis during the first field cycle.F or further cycling or initial positive poling, ar eversible conventional ECE is induced.
Fors trong or dense defect dipoles, that is,i ft he internal field exceeds E,c ase 3i sm ost relevantf or ab road temperature range.A si llustrated in Figure 11 ba nd c, the system remains on the lower branch between E = 0a nd the black or lime square for field application or field removal from the negatively poled sample.T his results in the small reversible inverse ECE also found in our molecular dynamics simulations for strong defectd ipoles,s ee blue crosses in Figure 7a . However, if the field is removed from the positively poled sample,t hat is,s tartingf rom the upper branch in Figure 11 c, the polarizationd irections witches.A sd iscussed above,t he switchingo ft he polarization directionr educes D j P j ,t he sign and magnitude of which depend on the relative field strength.F urthermore,s witchingi sr elated to work losses as illustrated by the difference of the dark gray area and the green area in Figure 11 . These losses may induce al arge inverse ECE under field removal (cf.b lue squares in Figure 7a) . Here,i ts hould be noted that this large inverse responsei sn ot accessible by ac ycling field as the system remains on the lower branch of the hysteresis after the first field cycle.
Forc ase 4( most relevant for E > E d and T 9 T C ), the polarization direction switches for allf ield protocols,s ee lime to black circles in Figure 11 ba nd c. Thus,w ork losses contribute to the temperature change of field application and removald uring subsequent field cycles.F or field removal, the negative work loss is given by the difference of the dark gray area and the green area in Figure 11 . Forf ield application, the work loss is the differenceb etween the totalg ray (light plus dark) area and the green area. In other words,t he work loss is considerably larger for field application than its removal, particularly well below T C .
In summary,d efect dipoles aligned antiparallelt ot he externale lectrical field may reverse the sign of DT (inverse ECE). In particular in the paraelectricp hase,b oth reversible conventionala nd inverse ECE can be inducedd epending on the relative field strength. Fors trong or dense defect dipoles, it has been predicted that j DT j of the inverse ECE may be comparable with j DT j of the conventional ECE.O nt he one hand, this opens up the possibility to tune the overall cooling performance by the combination of conventional and inverse ECE for T > T C simplyb yc hanging the sign of E,p ossibly with am uch larger enhancement compared to the ideal material for T < T C (cf.F igure 3b). On the other hand, Figure 8 also points out ap ossible disadvantage of the defect-induced inverse ECE:E ven as mall defect-induced field in experimental samples [32, 47, 52] may reduce the overall conventional ECE.
Within the ferroelectricp hase,a lso both conventionala nd inverse ECE can be found depending on the previous poling direction. If initial and final polarizationa re parallel to each other,t hese responses are reversible for field application and removal. Similar to the discussion in Section 3.1, the largest responsei sp ossible if the system is ramped from or to the shoulder of the hysteresis.I nc ontrastt ot he ideal system discussedi nS ection 3.1, it is not necessary to reverset he field directionf or this optimization for T T '.H owever, this reversible inverse ECE is one order of magnitude smallerc ompared to the inverse response of the paraelectric phase. Thes hift of the field hysteresis allows polarization switching for unipolar electrical fields.T he resulting work losses may result in large inverse ECE;h owever, this response is different for field application and removal and furthermore dependso nt he previous poling conditions,w hich makes the integration in future devices challenging.
It should be noted that these predictions are based on different models,r angingf rom as implea nalytic Landaum odel to MonteC arlo simulations and to complex ab initio-based molecular dynamicss imulations with high predictive power. However, so far no atomistic simulations for actuald opants or possible relaxation of the defect dipoles with time have been conducted. Furthermore,e xperimental verificationo f the observed trends is required for ab etter evaluation of the technical impact.
Inverse ECE in antiferroelectric materials
In addition to the ferroelectric ordering discussed so far, also the entropy of other ferroic phases can be modified by an external electric field. In the following we discuss the ECE of the antiferroelectric phasesa ppearing in some polar materials.
Thec haracteristic behavioro fa ntiferroelectrics can be describedb yt he staggered polarization, which is often simplified as the polarization difference at two neighboring lattice sites.I nt he correspondingK ittel model the macroscopic polarization P is given as as um of two sublatticep olarizations P = P 1 + P 2 . [54] At zero electric field, P 1 = ÀP 2 ,a nd thus P = 0, that is,t he macroscopic polarizationv anishes.U pon application of an electric field, af inite macroscopic polarization is induced, see Figure 12 a. Thef ield-induced change of the dipolar entropy DS dip is composed of contributions from each sublattice DS dip1 and DS dip2 [30] which can be calculated using Equation (11) . Thus the overall dipolar entropy change of antiferroelectrics can be expressed by Equation (17)
where DS dip1 / ÀP Figure 12 ba nd cd epicts the sublattice polarizations and the correspondings ublattice entropy as obtainedb yt he Kittel model. In the sublattice with polarizationo riented along the direction of the applied electric field, the field-induced increase of j P 1 j results in ac onventionale ntropy change( DS dip1 < 0). In the sublattice with polarization antiparallel to the directiono ft he applied electric field, the externalf ield reduces j P 2 j inducing an inverse entropy change (DS dip2 > 0). Globally,i nverse ECE occurs since DS dip2 overwhelms DS dip1 .W hen the external field exceeds E AFE-FE ,i ti nduces ap hase transition to the FE phase (Figure 12 a) and the latent heat of the transition will contribute to the overall ECE. Commonly,t he FE phase corresponds to the "low entropy" phase stable at lower temperatures and the field induced transition contributes ac onventional entropy change.
Experimentally,av ery small EC effect has first been reported for the prototype antiferroelectric PbZrO 3 by Lawless. [55] Pirc et al. [30] found as ignificantn egative temperature changeo fÀ1Kunder al arge electric field of 100 kV cm À1 at 37 8Ci nP bZrO 3 bulk ceramics.Amuch larger temperature drop of À5K was published by Geng et al. [13] for (Pb 0.97 La 0.02 )(Zr 0.95 Ti 0.05 )O 3 films of 650nmt hickness deposited on aP t(111)/Ti/SiO 2 substrate. Their P(T)d ata for different electric fields are depicted in Figure 13 and nicely show a transition from the inverse to the conventional ECE when the system is driven from the AFE into the FE phase.A t high temperatures above the zero field T C the conventional Figure 12 . Schematic illustration of thei nverse caloric response of the antiferroelectric phase based on Kittel'sm odel. [30, 54] a) For E < E AFE-FE , E induces an almost lineari ncreaseo fP. The transition into the FE phase occurs at E AFE-FE . b) Sublatticep olarization P 1 (red) and P 2 (blue) for E < E AFE-FE .c)Resulting field induced entropy changes of both sublattices (DS dip1 , DS dip2 )and the resulting overalli nverse response (DS dip ). Figure 13 . Schematic illustration of the dependencyo fthe polarization in AFE La-dopedP b(Zr,Ti)O 3 on temperature and external field strength, based on experimental dataa dapted from Ref. [13] .C opyright 2015,W iley.Int he blue area, where the AFE phase is present, the inverse ECE prevails, whereas in the red area the typical FE behaviorshowingt he conventional ECE is found. ECE alreadyo ccurs as expecteda tl ow electric fields.T o shed light on the basic physical mechanism that permits the inverse ECE Axelsson [39] used a1 Ds tatistical mechanics model that only takes accounto fs hortr ange ordering. Based on af irst-principles effectiveH amiltonian approach Lisenkov and co-workers [56, 57] explored the inverse effect in PbZrO 3 .B ya pplying electric fields along [100] , [ 110] ,a nd [111] directions,t hey found no anisotropy in the ECE, which is in contrast to the inverse ECE in ferroelectrics.T hey reported that the inverse and the conventional temperature changes follow different scaling laws.A sa lready mentioned in the early experimental work by Lawless [55] for low fields and temperatures (blue area in Figure 13 ), the electrocaloric response of the AFE phase shows aq uadratic dependence on the electric field (ÀDT / E 2 )w hereas conventional linear scaling (DT / E)c haracterizes the FE phase (red area in Figure 13 ). Based on this differents caling it was proposed, that ad eviation from the AFE scaling law might indicate the presenceo faminority FE phase.
It was also predicted for the prototypical AFE material PbZrO 3 basedo na binitio simulations that depolarization and epitaxial strain modify the relative stability of the FE and AFE phase in thin films. [57, 58] In particular, compressive strain systematically stabilizes the FE phase.I nt urn, depending on temperature,f ield strength, and strain both the conventional and inverse ECE can coexist. [57] Thec oexistence of conventional and inverse ECE in one material, which has also been found in phase-field simulations, [59] might thus explain the partly inconsistent reports on theE CE in thin films.
Ac ombination of temperaturer egimes with inverse and conventional ECEw as reported for an umber of single-crystalline materials showing an umber of phase transitions.P eräntie et al. studied h011iÀPbMg 1/3 Nb 2/3 O 3 -0.28 PbTiO 3 single crystals by direct measurements and identified an inverse ECE in the temperature rangeb etween 60 and 70 8C. [14] Zhuo et al. [60] recently investigated (Pb,La)(Zr,Sn,Ti)O 3 single crystals at different temperatures and also found as equence of an inverse ECE owing to at emperature-driven polarization increasei nt he AFE phase,aconventional ECE in the FE phase,a nd another inverse ECE at higher temperatures due to field-induced polarizatione nhancement, see Section 3.1.2. Similarly,aregion with negative DT was identified by both direct and indirect measurements in as tudy on h001i-PbMg 1/3 Nb 2/3 O 3 -30 PbTiO 3 single crystals. [15] This phenomenon was attributedt ot he formationo fareversible field-induced phase transition towards astate with adifferent polar direction. In lead-free ceramicsB ai et al. [11] and Zheng et al. [61] predicteda ni nverse ECE in Na 1/2 Bi 1/2 TiO 3 -BaTiO 3 by indirect measurements and assigned it to the relaxor behavior at the ferroelectric to antiferroelectric transition. Uddin et al. predicted the inverse temperature changeb ased on the indirect method for Na 1/2 Bi 1/2 TiO 3 -BaTiO 3 solid solutions with Ba 1/2 Sr 1/2 TiO 3 and explained it with the reorientation of the oxygeno ctahedraf rom the ferroelectric to antiferroelectric phase transition. [12] Jiang et al. [62] reported for (1Àx)Bi 1/2 N 1/2 TiO 3 -x KNbO 3 that with increasing KNbO 3 content,t he depolarization temperature shifts to lower values and the ECE switches from inverse to conventional behavior. Recently,t he coexistence of the inverse and conventionalE CE has also been shown for an anocrystallinec eramic of 0.9(Ka 1/2 N 1/2 )NbO 3 -0.1 SrTiO 3 . [63] As only al imited number of direct measurements were performed for antiferroelectrics experimentally, [8, 24, 30, 64, 65] it is still not clear why some materials show an inverse ECE if prepared as bulk ceramicsb ut not as thin film and vice versa. [13] Thepresence of internal strain, time-dependent phenomena in relaxors,a nd irreversible nonpolar-polar phase transition and phase coexistence might contribute to these discrepancies( see Section4.1). It is therefore desirable to gain ab etter understanding of how the AFE/FE coupling present in ag iven material affects the inverse ECE in the AFE phase.A sw eare not aware of ac orresponding study in literature,w eu se as implem odel, which is a3 D-approach similart ot he 1D-model chosen by Axelsson et al., [39] to understand these trends.F ollowing Kittelss ublattice model, ad iscrete 3D-spin vector model Hamiltonian [Eq. (18)] is applied and the temperature change is calculated using am icrocanonical schemew ith energyd aemons.T he configurational energy density
consists of two parts,w here the summationr uns over all lattice sites i. Thef irst part describes the interaction between two neighboring sites i and j with polarizations P i and P j . The interaction strengthi sc ontrolled by the coupling-parameters J ij that are taken from aG aussian distributed around am ean value J 0 with as tandardd eviation of DJ. Thes econd part is a local part that consists of the interaction of the polarization with the external field E that is applied in z direction. The number of directions for all polarizationsi sl imited to six (AE x AE y AE z)a nd the length of the polarization vectors is kept fixed at one length and only the directioni sa llowed to change. If J ij is positive,t he polarization of cells tend to align parallel and thus the material behaves like af erroelectric material. If J ij is negative the materialb ecomes antiferroelectric. While keeping DJ = 1c onstant, we changed the mean coupling parameter stepwise from À3( AFE) through 0 (AFE/FE) to + 3( FE) and examined the change in the ECE. Figure 14 as hows contour plots for five different electric fields in which the change in temperature is shown in different colors.B lue indicates no or small temperature change, red and yellow al arge change,a nd green an egative change. Theh orizontal dotted lines at J 0 = À2a nd J 0 = À0.5s how the positionso ft he curves from Figure 14 ba nd c. In agreement to the literature describedb efore,a ni nverse ECE is observedf or small electricf ields and low temperatures if there is only AFE coupling present( J o < À1, DJ = 1). When the electric field change increases (E > 40) or if the temperature is increased (T > 7), the negative effect vanishes because the FE phase is induced or the system becomesp araelectric.T he antiferroelectric system experiences ap ositive (or conven- We can thus conclude that the presence of some AFE disorder in ap redominantly FE-ordered material cannot induce an inverse ECE. One rather needs ad ominantly AFE ordered state to obtain as ignificant inverse ECE.T he transition between inverse and conventional ECE with increasing field strengthorr educed AF coupling is similar to the discussion on pinned defectd ipoles in the previous section. Likewise,defect dipoles can only induce an inverse ECE if the internal bias field exceeds the external field.
Discussion
In the previous two sections,w eh ave discussedt he basic thermodynamics relevant for the (inverse) EC effecta nd describedd ifferent cases where the inverse EC response has been studied in detail. In this section, we describe wider aspects related to thei nverse EC response such as possible "misinterpretation" related to the indirect measurements. We then briefly describe analogousi nverse effects observed in magnetocaloric and elastocaloric materials.W ea lso discuss how this effect can be used for practical applications through ar efrigeration cycle that combinesc onventional and inverse effects and describe the possible drawbacks that should be avoided to designefficient devices.
Artifacts of the indirect method
In addition to the different mechanisms giving rise to the inverse EC effect discussed in Section 3, the prediction of an inverse ECE from experimental results can also be based on artifacts of the indirect method, see Section 2. First, suitable measurements of the pyroelectric coefficient (@P/@T) E are necessary. [69] Fore xample,v iolation of the isostress and isofield conditions,e specially in the case of thin films clamped to as ubstrate, may result in non-intrinsic contributions to the pyroelectric effect and in extremely large deviation between measured electrocaloric and pyroelectric coefficients. [70] To evaluate (@P/@T) E from experimental measurements, P(T)c urves are usuallye xtracted from P(E)m easurements at different T,a nd are then fitted by ap olynomial of high order (fourth or sixth) within as mall temperature range.I f the resulting P(T)c urves are not smooth enough, for example,b ecause of too large temperature intervals,t his may give rise to large discrepancies,s ee also Ref. [8] .T ypically the P(T)c urves for different valueso fE are estimated from the upper branch of the polarization-electric field hysteresis loops measured at different temperatures.T hus,t he possible appearance of the inverse ECE for small fields sampling the lower branch andp ossible field-induceds witching events (Section3.1.1) are not considered.
Furthermore,the indirect approachmay result in the artificial inversion of the electrocaloric effect in certain tempera- Figure 14 . Electrocalorictemperature change after the onsetofane lectricalf ield based on the spin lattice model in Equation (18) . All numbers aregiven in reduced units. The contour plotsin( a) show temperature variations for different coupling parameters J 0 varying from À3(AFE) to 3( FE) at different electric fields and initial temperatures.The Gaussianwidth DJ = 1ofthe coupling parameters is kept constant for all calculations.The data showni n( b) and (c)correspond to the horizontal lines at J 0 = À2and À0.5.
2018 The Authors.P ublished by Wiley-VCH Verlag GmbH &Co. KGaA,W einheim ture or electric field intervals,s ee Figure 15 . Such inversion is observed when unsaturated hysteresis loops are used for the analysis.A tl ow temperatures the coercive field is large and for many unpoled ceramics,f or example,a fter zero-field cooling, the applied electric field is not strong enough to switch most of the domains.T his results in ar educed polarization in the entire P(E)l oop,s ee Figure 16 a. Fori ncreasing temperature the coercive field value decreases andm ore effective polarization switching becomes possible,f or example, P(E)i ncreases. Correspondingly,t he field inducedp olarization will increase with temperature,a nd the resultingpositive sign of (@P/@T) E will imply the inverse ECE (Figure 16 b, c) . Examples of analysis of such unsaturated hysteresisl oops resultingi ng rowing P(T)a nd inverse ECE were found in Na 0.5 Bi 0.5 TiO 3 , [11, 67] Sr and Nb co-doped Pb(Zr,Ti)O 3 , [71] K 0.5 Na 0.5 NbO 3 -0.1 SrTiO 3 , [63] and Ba(Zr,Ti)O 3 (Ba,Ca)-TiO 3 [72, 73] (all ceramics). In certain cases,t he sign change is not related to any phase transition. While in (1Àx)Ba(Zr 0.2 Ti 0.8 )O 3 -x-(Ba 0.7 Ca 0.3 )TiO 3 [72] and (Ba 0.9 Ca 0.1 )(Ti 0.5 Zr 0.5 )O 3 [73] ceramics the inverse ECE was related to the tetragonal-rhombohedral and orthorhombic-tetragonal transition, respectively,i tw as actually observed at temperaturess everalt ens of degree above the corresponding transition temperatures.F or some similar materials the comparison between the directly and indirectly measured ECE shows that the negative sign of the latter is an artifact. [31, 66, 74] Therefore,f or NBT-18KBT (0.92 Na 0.5 Bi 0.5 TiO 3 -0.18 K 0.5 Bi 0.5 O 3 )c eramics, Le Goupil et al. [66] found that direct measurements yield ap ositive ECE in the full studied temperature range while indirect estimations result in an inverse ECEa tl ow temperatures.T he authors assigned this discrepancy to be ar esult of the combination of the hysteresis loops not being fully saturated at the maximal field used (22 kV cm À1 )a nd the decrease of the coercive field with increasing temperature,w hich leads to an increaseo ft he induced polarization with temperature.S imilarly,B irks et al. [31] found that for unpoled NBT ceramics the indirectly estimated ECE changes the sign from negative to positive on heating whereas the directly measured effect remains positive in the full temperature range.T hey attributed this discrepancyt oa ni ncreased resistance of polarizationr eorientationt ot he change in the electricf ield when the temperaturei sl owered.T he low-temperature state of unpoled NBT has relaxor character, with the polar structure consisting of polar nanoregions( PNR) with sizes of af ew nanometers,w ith dipole moments frozen below the freezing temperature.A tl ow temperatures these PNRs are difficult to reorient using an applied electric field. Upon heating, their reorientationb ecomes easier andt he polarization measured from hysteresis loops grows.
More effectives witching may be achieved by using lower frequenciesf or P(E)h ysteresis loop measurements (also this will approach the experimental conditions of at ypical direct EC experimentw hen ap ulse electric field is applied) and/or by increasing the strengtho ft he electric field. Fore xample, in the case of relaxor0 .9 PMN-0.1 PT films ag ood agreement between the indirect andd irect measurements (in both cases the ECE wasp ositive) was observed at large electric fields (> 30 kV cm À1 ), which transfers the PNR state to the poled ferroelectric state. [75] Ac ompletely erroneous assignment of the inverse ECE can arise in more complex cases and in particular for irreversible contributions falselya ssigned to the caloric effect. We here show an example of at wo-phase material, poly(vinyli- denefluoride-co-trifluoroethylene) (PVDF-TrFE), with embedded micrometer-sized BaTiO 3 particles.T he samplew as poled by coronap oling before the depositiono ft he electrodes.A fterwards, P(E)l oops were recorded at different temperatures. During heating, the fit of the polarization versus temperature plot yields as moothd eclinea nd ap olynomial fit of 6th order will yield an apparently reliable ECE of 2.4 K, see Figure 17 aa nd c. Uponc ooling it is clear that the system does not go back to its original state but remains depolarized (Figure 17 b) . Thef ield applied by the P(E)m easurements results only in ap artial polarizationo ft he film. If the cooling cycle is fitted by a6 th order polynomial, as trong inverse ECE appears ( Figure 17 d) . This is ac ompletelyi ncorrect interpretation because the sample has partly depolarized. Fitting the entire span of temperature cooling yields a completely arbitrary fitting function. If measured at each temperature separately,t he true ECE will be positive but strongly reduced because of the depolarization of the sample. In summary, in polycrystalline relaxor or ferroelectric ceramics,t he electric fields applied by standardp olarization hysteresis measurements might be insufficient to fully pole the ceramicsa tl ow temperatures (in particular for high frequencies). On heating, the coercive field decreases,w hichr esults in the growtho ft he switchable polarization, and therefore as purious inverse electrocaloric effect is found by the indirect method. Possible indications for these artifacts are temperature-or field-frequency-dependent transitions between conventional and inverse ECE as well as simpled epolarization.
Analogies to the inverse magnetocaloric,b arocaloric,and elastocalorice ffects
In addition to the electrocalorice ffect, there exist other ferroic coolinge ffects that can be described by similar Maxwell relationst oE quations (2) and (4). [2, 7, 34, 76, 77] Fort hese responsesb oth conventional and inverse responses were also found depending on the choiceo ft he material, the temperature ranges,a nd direction and size of the externals timuli. In the following,w ed iscuss some analogies to the ECE, but a general review is out of our scope.
Them agnetocaloric effect is related to (@M/@T) j H ,w ith H and M the components of the magnetic field and the magnetization along the field direction. [34, [78] [79] [80] [81] [82] [83] Commonly,aconventionalm agnetocaloric effect is observed in the paramagnetic phase and at the ferromagnetic to paramagnetic phase transition, analogous to the discussion for ferroelectrics in Section 3. In the saturated ferromagnetic phase,t he response is conventional and in principle also an inverse magnetocaloric effect is to be expected for antiparallelf ields,a nalogoust o the discussion in Section 3.1.1. However, the field-induced changes of M in the saturated state are insignificanta nd thus the corresponding small conventional and inverse responses are not of technical relevance.
Some magnetic materials such as Ni-Mn-based Heusler alloys undergo ac oupled structural-magnetic phase transition with (@M/@T) j H > 0(e.g.,between ferromagnetic and antiferromagnetic phase). [34, [78] [79] [80] [81] [82] In these cases,agiant inverse caloric response can be induced as the external field stabilizes the "high entropy" phase [34, [78] [79] [80] [81] [82] [83] analogous to the discus- Figure 17 . Erroneous assignment of inverse ECEinap artlydepolarizing sampleofP VDF-TrFe10% BaTiO 3 . [68] Afterp oling, the polarization in dependency of temperature and external field strength has been measured duringa)heating and b) cooling of the sample. c, d) ECE calculated froma6thorder polynomial fit usingE quation (6 [84] Thei nverse ECE in polar materials shows an important additional difference compared to the inverse response at the magnetostructural phase transition. In the magnetic case, the external field couples to the magneticdegrees of freedom while the latent heat is related to the transition of the structural degrees of freedom. Gottschall et al. [85] highlighted the resultingd ilemmaf or the magneto-structural transition:T he entropyc hanges of the magnetic degrees of freedom and of the structural ones have opposite signs.I nt he FE/AFE cases the polarization is part of the lattice degrees of freedom and, as shown in Section 3.1.2, the latent heat of the transition and the continuous polarization change can also add up.
In addition to external electrical or magnetic fields,e lastic stimuli may also induce structural-ferroic phase transitions and induce large caloric responses.F irst the barocaloric effect is related to hydrostatic pressure AE i = j s ij = Àp,w hich couples to the fractionalv olume change V' = DVV À1 (F = UÀTSÀE·P + pV'). Inverseb arocaloric effects were reported for variousm aterials. [86] [87] [88] [89] [90] [91] [92] In particular, as measured directly in Ref. [90] ,B aTiO 3 ceramicss how an inverse barocaloric effect at the T-O and T-C phase transitions.A tb othp hase boundaries,t he high-temperature phase with highere ntropy has as maller volume.T hus,b ya pplying an external pressure one can induce at ransition to the "high-entropy"p hase and the entropy increasesw ith the latent heat of the transition in analogy to the discussion of the inverse ECE in Section 3.1.2. Furthermore,i na nalogy to the discussion for the ECE, it was reported that the broad thermal hysteresis of the T-O transition may induce an irreversible response whereas reversible temperature changes were found at the T-C transition.
One important difference between the ECE and the barocaloric effect is the isotropic character of hydrostatic pressure.T hus,i nc ontrast to the ECE at FE-FE transitions,each pressure-induced phase transition either always shows the conventional or the inverse response.
Uniaxial stress is atensor quantity and an anisotropic caloric response is likely at FE-FE transitions,a nalogoust ot he discussion of the ECE in Section 3.1.2. Ther esultinge lastocaloric effect is related to (@h/@T) j s ,with s and h the components of the stress and strain tensorsa long the direction of an uniaxial stress s i .F or example,o ne would expect as tabilization of the TorOphase by tensiles tress along [001] and [011],r espectively. We are not aware of as ystematic study on the stress-inducedp hase transition in ferroelectrics for different field directions.L isenko and Ponomareva reported the stabilizationo ft he Tphase by tensile stress along [001] resultingi nalarge conventional elastocaloric effect above T C of the T-C transition for (Ba,Sr)TiO 3 by as tress-induced first-order phase transition. [93] Thes ame trends were found for BaTiO 3 by means of Landau theory in Ref. [94] .S imilar trendso ccur for AFE materials.F or instance,aconventional ECE was reported for as tabilization of the AFE phase by compressive stress along [010] for PbZrO 3 . [95] Inverse elastocaloric effects were reported in Refs. [98 and 99] in several materials including ferroelectrics and antiferroelectrics. Phenomenological calculations on BaTiO 3 -based capacitorsa nd thin films by Liu et al. [99, 100] yield inverse elastocaloric responses under compressives tress (below certain criticalm agnitude) applied along [001] to the tetragonal phase.T he mechanism resembles the discussed inverse ECE induced by the reversed electric fields in Section 3.1.1. The authors proposed the caloric cycle concept of combiningt he tensile and appropriatec ompressive stress to take advantage of conventionala nd inverse elastocaloric effect similar to that explained in Section 4.3.
[99] Furthermore,t hey reported that the elastocaloric response dependsc rucially on epitaxial strain. [100] Although one could expect an inverse response at FE-FE transitions,f or example,t he T-O transition of BaTiO 3 ,t his needs verification by future work. ForP bZrO 3 it wasp redicted that tensiles tress along [010] may inducet he antiferroelectric to paraelectricp hase transition resulting in an inverse elastocaloric response. [95] In ferroelectric anda ntiferroelectric materials,t he strong coupling of the structural andp olar degrees of freedom thus allowsl arge electro-, baro-, and elastocaloric responses at the same phase transitions.O nt he one hand this facilitates enhancementoft he overallc aloric response or adjustment of the operation range by the combinationo fm ultiple stimuli or the choice of static elastic and electric boundaryc onditions. [94, [100] [101] [102] [103] [104] [105] [106] On the other hand at all FE-FEt ransitions it dependso nt he choice of the stimulus and additionally on its direction( for the ECE and the elastocaloric response) and its sign whether the system shows ac onventional or inverse response. Therefore,e lectro-, elasto-, and barocaloric responsesm ay also compensatee ach other. This signifies that more studies on underlying mechanisms are needed to achieve practical multicalorice ffects. [107, 108] 
Benefitsand possible issues
As mentioned in Section 1, several suggestions have been made to combine inverse and conventional ECE to achieve larger overall temperature changes and improved cooling. field. Thei nner cycle illustrates the cooling by means of the conventional ECE and au nipolar field E 1 .T he overall temperature change can be enhanced,i fthe field is not simply removed but ramped to E 2 ,w hich is either antiparallel or non-collinear to E 1 ,s ee the outer cycle.W en ote that one can also enhance DT by simply increasing the strength of E 1 . However, the combination of inverse and conventional ECE allows to obtain the same DT for as maller maximalm agnitude of the applied field. This is ap romising alternative as one can reduce Joule heating and avoid ferroelectric breakdown.
As seen in all examples discussed throughout this article, inverse and conventionale ffects occur in the sames ystems and within field and temperature regions that are in most cases very similar to each other. Thus,o nly as mall changei n temperature or an applied field that is slightly too high can switch the EC response from inverse to conventional and vice versa. To realizec ombined EC cooling cycles,s uch as the one depicted in Figure 18 , and combine inverse and conventionale ffect in an optimal way,i ti st herefore crucialt o have good control of the applied fielda nd the main characteristics of the active material( i.e., homogeneous and sharp phase transition temperatures,g rain orientation,d efects tructure etc.).
To utilize the inverse ECE at first-order transitions,o ne has to overcome potential problemsw ith irreversibilitiesa nd the thermal hysteresis.I np articular irreversible changes of the domain structure and the stucking of the system or parts of it in the coexistence range may result in the degeneration of the caloric response and an irreversible heatingo ft he sample.T heses aspectsn eed further investigation by direct determinations of the ECE in cycling electrical fields.A lso, if the transition is very sharp in temperature,t his can limit the temperature range available for efficient cooling. The possibility to also work at FE-FE transitions,a nd not just above the FE-PE transition temperature,p rovides further flexibility in choosing suitable materials for future applications.F urthermore,l arge adiabatic temperature changes at the transitions can in principle be achievedu sing relatively small fields through the latent heat contribution [Eq. (14) ]. Fors uch fields,i nverse and conventional ECE at the transitions can be of the same order of magnitude.
Defect engineering in af erroelectric material provides an additional promising route to tune the inverse EC response, particularly above T C .T his concepta sks for experimental verification. In the FE phases, an enhancement of the inverse ECE by defects is also possible;h owever, this comesa long with the issue of irreversibilities,a sd iscussed in Section3.2. In particular, field application and removal may result in differentw ork losses and thusi rreversible temperature changes. Most likely these irreversibilities are negligible without switchingo ft he polarizationo rf or slim hysteresis, for example,c lose to phase transitions or in case of relaxors.M oreover, defectd ipoles may switch with time,t rying to follow the polarization of the host matrixd ue to electrostatic coupling. Thei mpacto fs witching defect dipoles on inverse ECE and the ECEc ycle remainsachallengingt opic.
Forb oth the inverse ECE at FE-FE transitions and above T C for defect doped materials,o ne can furthermore think of tuningt he temperature range with maximal inverse response by the use of solids olutions such as Ba(Zr,Ti)O 3 or Ba(Sr,Ti)O 3 to obtain large inverse responses at lower temperatures. [17, [109] [110] [111] [112] [113] Strain engineeringm ay also be used for this purpose. [103] [104] [105] [106] 114] Another possibility to stabilize large inverse responses below T C is the appearance of the antiferroelectric phase in some materials.H owever,inthis case one may not be able to switchb etween conventional and inverse ECE by as imple rotation or reversal of the field directiond ue to the reported isotropic charactero ft he inverse response.I na ddition, the field-induced transition into the ferroelectric "low entropy" phase has to be avoided.
Because an EC device must be driven cyclically,f atigue can be an issue.U nipolar cycling has almostn oi nfluence. [115] In addition, small negative fields aren ot criticala ss tudies of partially negative fields in cyclic loadingh ave shown. Thus, as long as the inverse ECE is legitimately applicable for the different cases discussed above,f atigue should not be a major issue.O nly very high cycle numbers may ultimately yield problems.
However, at the very moment when irreversible switching sets in at negative fields for abipolar field cycling,the significant fatigue damagea lso starts. [116] Forf erroelectric thick films and bulk materials,i onic drift is one of the major reasons leading to fatigue.D ue to the strong electric fields encountered at domain walls,i onic drift is actually stronger under bipolar loading of af erroelectric than under unipolar loading. [115, 117] Ther esulting internal fields then shift the bipolar hysteresis. [118] As discussed in Section 3.2, depending on the direction and magnitude of the shift, both conventional and inverse ECE can either be enhanced or reduced by such bias fields.F urthermore,t hese fields act very locally,a nd individual grains in ceramicse ncounter increasinglyd ifferent field environments and ultimately strain differences in adjacent grainsmay yield microcracking. [119] Figure 18 . Example forthe combination of conventional and inverse ECEb y reversedo rnon-collinear field to enhance the overall temperature span DT in an EC cycle. The inner cycle utilizes the conventional ECE (ramping the field between0and E 1 ), while the conventional and inverse ECE are combinedi n the outer cycle (applying as econdf ield E 2 )e nhancing the DT:i:isothermal heat absorption,ii: adiabatic heating, iii:isothermal heat release, and iv:adiabatic cooling. Adapted fromRef. [27] 
Summary and Outlook
From the discussion in the precedings ections,i tb ecomes clear that the inverse electrocaloric effect (ECE) is neither a pure artifact nor as mall absurdity.T here are variousm aterials giving rise to an actuali nverse ECE, the magnitude of which is comparablet ot he conventional ECE. In fact all ferroelectrics( FE) can potentiallye xhibit an inverse ECEr esponse for certain field protocols. [23, 24, 26, 27] Most reportso fi nverse EC response can be assigned to one of the following categories:1 )Ferroelectrics with an electric field applied antiparallel to the remanent polarization within the FE phase. 2) Systems with FE-FE phase transitions,w heret he applied field can induce at ransitiont oahigher-entropyp hase for which the spontaneous polarization is oriented more favorably with respecttothe applied field or at least rotates the polarization partially towards this direction. 3) Antiferroelectrics (AFE) for field strength below the criticalf ield strength of the AFE-FE transition. 4) Acceptor-dopeda ged FE materials with internal bias fields antiparallel to the applied field. In general, inverse effects are likely for all systems with imprint fields.
We note that there have been af ew reportso ni nverse ECE that do not directly fall in these categories.F or instance,r eduction or rotation of polarization by mechanical stress or surface effect can lead to an inverse ECE. [59] Furthermore,b ased on phase-field simulation,L ie tal. reported al ocal inverse ECE at 1808 domain walls. [18] They claimed that this inverse ECE is due to the decrease of local polarization when the direction of the applied electric field is opposite to the dipole directiono ft he domain pattern (see discussion in Section. 3.1.1).
An inverse ECE was reported also for some relaxors ystems. [14] However, it has the same origin as for conventional ferroelectrics when the applied field stabilizes the high-entropy phase and is not related to ap articular relaxorc haracter of these materials.
It appears that in all these cases the inverse ECE is related to the presence of competingp haseso ro ther sorts of competings tates,f or example,o ppositely poled remanent states or domain configurations,d ifferent FE phases, competition between the dipolar field owing to polar defect complexes and the externally applied field, or between the AFE and ah omogeneously polarized phase.T he applied field then destabilizes the initial order in favor of the competing one.
Ag ood understanding of the circumstances under which inverse EC effects can occur is not only desirable for enhancement of the overall ECE but also for avoidingu nintentional superposition of conventionala nd inverse effects.I n particular, small bias fields in the presence of defects or by fatigue may reduce the conventional response.
Furthermore,t he experimentally observedi nverse ECE in ceramicsa nd relaxors may be an artifacto ft he indirect methoda sd iscussed in Section 4.1. Thea ppearance of at emperatureo rf requency dependent transition between conventional and inverse ECE away from phase transitionsa nd ferroelectric switchinga sw ell as unsaturated polarization loops, are warnings for this artifact.
We hope that this extensive Reviewo nt he inverse electrocaloric effect will encouragef urthers tudies on this important aspect and facilitate the further developmento fd evices based on the ECE.
